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Abstract 
In the processing of monazite ore to separate uranium, thorium and rare earth elements composed in the ore, uranium is first 
extracted and precipitated in the form of sodium diuranate (Na2U2O7) or yellow cake. This yellow cake requires further 
purification to remove thorium and traces of rare earth impurities from the cake. The extraction of uranium in 4 N HNO3 with 5% 
TBP/kerosene extractant has been studied with a series batchwise extraction to simulate multistage countercurrent solvent 
extraction. Feed solutions were prepared from yellow cake obtained from the processing of monazite ore which has about 60% 
purity of uranium. Simulated continuous countercurrent extraction with 4, 5 and 6 extraction stages were carried out. Equilibrium 
distribution coefficients (D) of both uranium and thorium were found to decrease with increasing feed concentration and 
distribution coefficient of uranium is about 8.8 to 10.8 times higher than that of thorium. The highest distribution coefficient of 
uranium is 3.107 at uranium concentration of 3,182 mg/L. Uranium recovery was found to increase from 83.76 to 90.91% with 
the increasing number of extraction stage from 4 to 5. Increasing of solvent to feed ratio from 1:1 to 2:1 also increases uranium 
recovery from 83.76 to 93.30%. However, purity of uranium obtained from most extraction seems to be limited at 93-94%. This 
suggests that a scrubbing process will be required to improve the purity of uranium in this extraction system. 
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1. Introduction 
Uranium used for the uranium fuel of nuclear power plants is normally obtained from uranium ores having 
relatively high uranium content by extraction and separation. However, some ores, such as monazite, phosphate 
rock, and titanium ore, are not uranium ores, but contain a small amount of uranium can be reserved for uranium 
mining. In the South of Thailand, monazite ore has been found in the tailings of tin mines and it contains about 0.24-
0.79% of uranium (U) [1]. Monazite also contains thorium (Th) of 4.5-10.6% and rare earth (RE) elements (Ce, La, 
Nd, Pr, Sm, Gd, Dy and Y) of 37-58% in the form of phosphate compounds. This monazite can be chemically 
processed to extract and separate each composed element. In the alkaline process, monazite is usually digested with 
50% NaOH at about 140qC to convert phosphate compounds to hydroxides which later are dissolved by HCl and 
selectively precipitated at pH 4.5 to separate U and Th from the mixed rare earth elements. Solvent extraction 
process with tributyl phosphate (TBP)/kerosene extractant is normally used to separate U from Th. Uranium from 
the first solvent extraction precipitated in the form of sodium diuranate (Na2U2O7) or yellow cake still contains some 
thorium and trace of rare earth elements. This yellow cake requires further extraction process to obtain high purity 
uranium. 
Uranium purification by the TBP process has been employed in several countries. Other processes using 
organophosphoric compounds such as alkyl phosphine oxide and phosphonate, phosphinate, and ketones, ethers 
were also reported but TBP process was seen to have more advantages and was widely chosen [2-5]. The 
equilibrium constant of the extraction reaction of uranium nitrate by TBP is shown as the following reaction: 
UO2+2 + 2NO3í + 2 TBP     UO2(NO3)2 · 2 TBP 
The typical purification process normally includes the scrubbing step using appropriate solution to scrub some 
impurities which may be extracted into the extractant along with the uranium to ensure the purification of uranium 
before being stripped to the product. 
In this work, the extraction of uranium in yellow cake (Na2U2O7) obtained from monazite processing has been 
investigated using batchwise extraction with 5% TBP/kerosene extractant to simulate the multistage continuous 
countercurrent solvent extraction. 
2. Materials and methods 
2.1. Materials 
Feed solution was prepared from yellow cake obtained from the primary extraction of uranium in the monazite 
processing. The yellow cake was dissolved with nitric acid and filtered to remove undissolved solid particles. The 
acidity of feed was adjusted to obtain 4 M of free HNO3. The initial feed was prepared at high uranium 
concentration and other feeds were prepared by dilution of this initial feed with 4 M HNO3. TBP and kerosene used 
for the extraction solvent were from Fluka and the mixture 5% TBP in kerosene was used as the extractant. The 
batch extraction was carried out using separatory funnels on a shaker at room temperature (32 r 2qC) with a setting 
speed of 200 rpm and contact time of 10 minutes to ensure the equilibrium state [2-3]. Equilibrium distribution 
coefficient (D) of U and Th between aqueous feed and organic extractant at various feed concentrations was 
determined as the ratio of element concentration in aqueous phase to element concentration in organic phase. The 
concentrations of elements in both aqueous and organic phases were determined with ICP-AES spectrometer 
(Optima 5300 DV, Perkin Elmer). 
2.2. Batch Simulation of Multistage Countercurrent Liquid-Liquid Extraction 
The extraction of uranium was carried out in batchwise laboratory scale to simulate the multistage countercurrent 
extraction as shown in Fig. 1. The upper part of the figure illustrates the extraction pattern that was followed for 
batch simulation of the 5-stage continuous countercurrent extraction process shown at the bottom. The procedure 
consists of repeated introductions of feed solution and extractant into a series of batch extractions, plus withdrawal 
of extract and raffinate phases. Each circle represents a batch extraction in a separatory funnel. The symbols F and S 
denote fresh feed in 4 M HNO3 and fresh extractant of 5% TBP/kerosene, respectively. After a number of extraction 
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cycles, the system should approached steady state and the liquids in the funnels resemble the streams that would 
exist in an actual continuous countercurrent extraction [6-7]. The cycles of batch extraction were carried out to 
simulate 4, 5 and 6 stages countercurrent extraction using feed to extractant ratio of 1:1. The simulated 4-stage 
countercurrent extraction with feed to extractant ratio of 1:2 was also carried out. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Batch simulation of 5-stage countercurrent extraction. 
3. Results and discussion 
The feed compositions and their equilibrium distribution are shown in Table 1 and their equilibrium 
concentrations are plotted in Fig. 2. It is seen that the concentration of U is about 1.65 times of Th. In feed F04, the 
concentration of mixed rare earths Ce, Pr, Sm, La, Gd, Yb and Y are 520, 223, 68, 34, 33, 6 and 4 mg/L, 
respectively. Feed F04 also contains 35 mg/L of Fe and 1 mg/L of Ni. Distribution coefficients (D) of both uranium 
and thorium are seen to decrease with increasing feed concentration but distribution coefficients of uranium is about 
8.8 to 10.8 times higher. The highest distribution coefficients of uranium and thorium are 3.107 and 0.324 with feed 
F10 which their concentrations are 3,182 and 1,986 mg/L, respectively. The lowest coefficients of uranium and 
thorium are 0.447 and 0.051 with concentrations of 42,730 and 25,330 mg/L, respectively. Most rare earth (RE) 
elements have relatively very low distribution coefficients except Ce, Pr, Sm and Yb which have distribution 
coefficients in the range of 0.01-0.05. 
Feed F07 was selected for the batch simulation in multistage extraction of uranium with 5% TBP/kerosene 
solvent. From the element composition in this feed, it can be calculated the purity of uranium in yellow cake is about 
60%. The concentration profiles of uranium in aqueous and organics phases in each extraction stage with feed to 
solvent ratio at 1:1 are shown in Fig. 3. The typical decreasing in concentration along the extraction stage is 
demonstrated. Fig. 4 shows the recovery and the purity of uranium with the number of extraction stage from 4 to 6. 
It is seen that uranium recovery increases from 83.76% to 90.91% when the number of extraction stage increases 
from 4 to 5. However, uranium recovery decreases slightly to 90.00% when the number of extraction stage increases 
to 6. The purity of uranium obtained from each multistage extraction seems to be constant at around 93.50%. 
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Table 1. Concentration of uranium and thorium in feed solutions and their Equlibrium distribution coefficients.                    
Feed Concentration, mg/L Distribution coeff., D U Th U Th 
F04 42730 25330 0.447 0.051 
F05 34000 20240 0.619 0.065 
F06 24750 14770 0.833 0.086 
F07 16350 9872 1.166 0.117 
F08 10160 6310 1.820 0.169 
F09 5150 3183 2.962 0.312 
F10 3182 1986 3.107 0.324 
F11 1838 1139 2.777 0.266 
F12 810 503 2.559 0.259 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Equilibrium distribution of uranium and thorium in 4 M HNO3 and 5%TBP/kerosene. 
 
 
 
 
 
Fig. 3. Concentration of uranium in aqueous and organic phases in multistage extraction. 
 
 
 
 
 
 
 
 
Fig. 4. Uranium recovery and uranium purity obtained from multistage extraction with 5%TBP/kerosene. 
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Table 2 shows the recovery and the purity of uranium in 4-stage extraction with feed to solvent ratios of 1:1 and 
1:2. It is seen that uranium recovery increases from 83.76 to 93.30% and uranium purity increases slightly from 
93.24 to 93.95% with increasing solvent ratio. 
Table 2.  Uranium recovery and uranium purity obtained from 4-stage extraction of feed F07. 
Feed to 
solvent ratio 
Uranium 
recovery, % 
Purity of uranium, % 
U Th RE 
1 : 1 83.76 93.24 6.26 0.40 
1 : 2 93.30 93.95 5.60 0.45 
 
Equilibrium distributions of uranium for the extraction of feed F07 in each multistage extraction as shown in Fig. 
5 reveal a very similar profile. It seems that uranium concentration in organic phase in the first extraction stage has 
reached saturation point after 4-stage extraction and the increasing of extraction stage to 5 and 6 could not increase 
this concentration. However, increasing of extraction stage to 5 or 6 could lower uranium concentration in the last 
stage resulting in higher uranium recovery. Equilibrium distributions of uranium for the extraction of feed F07 in 4-
stage extraction with feed to solvent ratios of 1:1 and 1:2 are also shown in Fig. 6. It shows that increasing of solvent 
ratio has lowered uranium concentration in every stage which also results in higher uranium recovery. In most 
extraction, uranium purity seems to be limited at about 93-94%. This may require a scrubbing process to remove the 
entrained Th and RE elements in the extraction solvent. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Equilibrium distribution of uranium in 4 M HNO3 and 5%TBP/kerosene in each multistage extraction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Equilibrium distribution of uranium in 4 M HNO3 and 5%TBP/kerosene in each feed to solvent ratio. 
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4. Conclusions 
The extraction of uranium in 4 N HNO3 with 5% TBP/kerosene solvent has been investigated with a series of 
laboratory-scale batch extraction to simulate multistage countercurrent solvent extraction. Uranium feed solutions 
were prepared from yellow cake obtained from the processing of monazite ore. Distribution coefficients (D) of both 
uranium and thorium are seen to decrease with increasing feed concentration and distribution coefficient of uranium 
is about 8.8 to 10.8 times higher than that of thorium. Uranium recovery was found to increase with increasing 
number of extraction stage from 4 to 5 or 6 as well as increasing solvent to feed ratio from 1:1 to 2:1. However, 
purity of uranium obtained from most extraction seems to be limited at 93-94%. This suggests that a scrubbing 
process will be required to improve the purity of uranium in this extraction system. 
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